A silicon-nanocrystal ͑nc-Si͒ based metal-oxide-semiconductor light-emitting diode ͑MOSLED͒ on Si nanopillar array with size, height, and density of 30 nm, 350 nm, and 2.8ϫ 10 10 cm −2 , respectively, is characterized. The nanopillar roughened Si surface contributes to the improved turn-on characteristics by enhancing Fowler-Nordheim tunneling and reducing effective barrier height, providing the MOSLED a maximum optical power of 0.7 W obtained at biased current of 375 A. The optical intensity, turn-on current, and power-current slope of nc-Si MOSLED on high-aspect-ratio Si nanopillar array are 140 W/cm 2 , 5 A, 2 ± 0.8 mW/ A, respectively. A maximum external quantum efficiency of 0.1% is reported. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2778352͔
Metal-oxide-semiconductor light-emitting diodes ͑MOS-LEDs͒ made by Si-rich SiO 2 ͑SiO x ͒ with embedded Si nanocrystal ͑nc-Si͒ were realized as potential light sources on next-generation Si photonics such as the optical interconnect, the optical communication, and full-color and flat panel displays. Electroluminescence ͑EL͒ of the nc-Si based MOS-LED ͑Refs. 1-9͒ has previously been observed with relatively low intensity and external quantum efficiency due to the insulating oxide and the tunneling dependent carrier injection. Several methods were used to improve the carrier injection into nc-Si within the SiO x prior to the realization of a nc-Si based p-n junction LED, such as increasing the density of nc-Si, decreasing the thickness of nc-Si layer, and engineering the tunneling barrier between contact metal and oxide. In this letter, we demonstrate the great enhancement on the turn-on characteristics and light-emitting efficiency of nc-Si based MOSLED made on a dense Si nanopillar array substrate. The improved injecting efficiency of carriers through such a nanoroughened Si pillar array is elucidated.
By rapid thermal annealing a 5-nm-thick Ni film evaporated on a 20-nm-thick SiO 2 layer covered Si substrate, we have demonstrated the self-aggregation of the twodimensional randomized Ni nanodot mask on a p-type ͑100͒ Si wafer with a 20-nm-thick SiO 2 based heat-accumulated layer ͓see Fig. 1͑a͔͒ . 10 With an inductively coupled-plasma reactive-ion-etching process, a high-aspect-ratio Si nanopillar array with a rod diameter of 30 nm and a height of 350 nm can be formatted on the Si substrate ͓see Fig. 1͑b͔͒ . Afterwards, the Si-rich SiO x film with a thickness of 240 nm was grown on the Si nanopillar substrate by using plasmaenhanced chemical vapor deposition ͑PECVD͒ and furnace annealed at 1100°C to precipitate nc-Si. 5, 11 The device structure of the nc-Si based MOSLED on a silicon nanopillar array substrate is illustrated in Fig. 1͑c͒ . The top view of a Cu-wire-bonded indium tin oxide ͑ITO͒ / SiO x : nc-Si/ Si nanopillar/ Si/ Al MOSLED with a circular contact diameter of 0.8 mm is shown in Fig. 1͑d͒ .
After annealing, a broadband photoluminescence ͑PL͒ spectrum with two distinguished peaks at 550 and 770 nm is observed with a maximum emitting intensity obtained at a 60 min annealed SiO x film made on Si nanopillars. The PL intensity at 770 nm rapidly increases five times due to the significant precipitation of nc-Si after annealing time lengthening from 15 to 60 min. Regrowth of SiO 2 matrix as well as reoxidation of nc-Si that occurs at longer annealing are evident from the observation of attenuated near-infrared PL intensity. In contrast, a normalized PL spectrum of the 60 min annealed SiO x film grown on a smooth Si substrate a͒ Author to whom correspondence should be addressed; FAX: ϩ886-2-33669598; electronic mail: grlin@ntu.edu.tw ͑NOV͒ defects and nc-Si were observed from the nc-Si MOSLED made on Si substrate with and without Si nanopillar array, as shown in Figs. 2͑c͒ and 2͑d͒. The EL powers at 410 and 550 nm were significantly enhanced due to the tunneling of carriers into NOV defects and small-size nc-Si's. In particular, the much stronger EL powers at these peak wavelengths were observed at the sample made on Si nanopillar array ͓see Fig. 2͑d͔͒ , which were mainly attributed to the enhanced carrier injection from Si nanopillars to the aforementioned luminescent centers.
The turn-on voltage of the nc-Si based MOSLED on a Si nanopillar array is around 30 V, which is much lower than the same device made on smooth Si wafer ͑V turn on ϳ 42 V͒, as shown in Fig. 3 . The current-voltage ͑I-V͒ slopes of the nc-Si based MOSLEDs with and without Si nanopillars are 62.5 and 21.4 A / V, respectively, which also corroborate the contribution of the Si nanopillars to the larger carrierinjection density as well as higher EL power. However, this is not the only role that the Si nanopillars play in the MOS-LED. The optical intensity, turn-on current, and powercurrent slope of the nc-Si based MOSLED on Si nanopillars are 140 W/cm 2 , 5 A, and 2 ± 0.8 mW/ A, respectively, which are better than the performances of a typical device with corresponding values of 18.5 W/cm 2 , 25 A, and 1.1± 0.5 mW/ A. To date, a highest optical power of 0.7 W is obtained at biased current and voltage of 375 A and 36 V, respectively, which is almost one order of magnitude larger than that of the same device made on smooth Si wafer ͑see I-P plot in Fig. 3͒ . A clear far-field picture of a nc-Si based MOSLED with Si nanopillars is shown in the inset of Fig. 3 . Typically, the external quantum efficiency of a bulk-Si LED usually limits to 10 −5 if we define the external quantum efficiency as the rate of the output photon number and input electron number described by
where is wavelength and P opt and I bias are the constant optical output power and biased current, respectively. The external quantum efficiency of the nc-Si based MOSLED with Si nanopillars is up to 0.1% under a power conversion ratio of 5 ϫ 10 −5 . This is a relatively high quantum efficiency ever reported for the nc-Si based MOSLEDs. Such a Si nanopillar roughened structure essentially results in an enlarged EL power from the nc-Si based MOSLED, as shown in Fig. 3 . For example, the comparison on the nc-Si based MOSLED made on Si nanopillar array and smooth Si substrates under the same biased current of 150 A clearly shows an increase in output EL power by 3.8 times.
In principle, the total current flowing through the SiO 2 film is mainly contributed by direct tunneling and FowlerNordheim ͑F-N͒ tunneling effects. The direct tunneling current usually dominates at low biased voltages and diminishes in samples with an extremely thick oxide layer. Under a high electric field before soft breakdown, the F-N tunneling current plays an important role on the carrier transport of the MOSLED. 14, 15 By linearly fitting the Arrhenius F-N plot of ln͑J / E 2 ͒ vs 1 / E, the turn-on characteristics of the F-N tunneling in the MOSLEDs made from a pure oxide film, a less Si-rich SiO x film, a Si-rich SiO x film, and a Si-rich SiO x film on a Si nanopillar substrate are compared in Fig. 4 . The F-N threshold electric fields, effective barrier heights, and electronic masses of different MOSLED samples are listed in Table I . As a result, the effective barrier height at the ITO/ SiO x interface is reduced from 3.8 to 3.1 eV if a pure SiO 2 film in the MOSLED is replaced by a less Si-rich SiO x film, while the F-N tunneling threshold is also decreased from 7.1ϫ 10 6 to 5 ϫ 10 6 V / cm due to the presence of nc-Si. The electric affinity of the nonstoichiometric Si-rich SiO x film is modified by the excess Si atoms. The calculated barrier height of the ITO/ SiO x interface is already smaller than that of the ITO-SiO 2 junction ͑3.8 eV͒ with electron affinities of 4.8 and 1 eV for ITO and SiO 2 , respectively.
Decreasing the N 2 O fluence during PECVD growth causes an increasing Si density in the Si-rich SiO x film, which further reduces the effective barrier height and electron affinity of the ITO/ SiO x interface from 3.1 to 2.04 eV by increasing the nc-Si density. In this case, the F-N threshold electric field concurrently decreases from 5 ϫ 10 6 to 1.7 ϫ 10 6 V / cm, and the electron effective mass ratio can further be reduced from 0.276 to 0.22 by increasing excess Si density. In comparison with the PECVD-grown SiO x film on the smooth Si substrate, the effective barrier height of the PECVD-grown SiO x film on the Si nanopillar roughened Si substrate is greatly decreased from 2.04 to 1.01 eV, corresponding to the effective mass decreasing from 0.22 to 0.19 m. The carrier injection is thus enhanced from Si nanopillar roughened Si substrate to SiO x film, providing a lower threshold electric field of 1.25ϫ 10 6 V / cm and a larger tunneling current at the same electric-field condition. Furthermore, the effective electron mass of PECVD-grown SiO x film on the Si nanopillar substrate is comparable with that of a pure Si matrix, since the composition of the Si-rich SiO x film surrounding by Si nanopillar array has become very similar to that of the Si matrix.
The effective barrier height for carriers at the oxide junction interfaces of the MOSLED can be greatly reduced due to both the synthesis of Si nanocrystals and the formation of Si nanopillars. Similar report has also been addressed by Prakash et al. 16 The existence of Si nanopillars facilitates the growth of Si-rich SiO 2 in between, in which the effective barrier height at the Si-SiO 2 interface reduces to facilitate the shrinkage of the tunneling distance of the oxide triangular barrier between metal/p-Si and nc-Si. Therefore, both the densities of electrons and holes injected into the nc-Si can be significantly increased due to such hybrid Si nanopillar array and Si-rich SiO x structure. As a result, the carrier recombination process is greatly enhanced due to the increasing carriers injected into the nc-Si, which gives rise to the improved EL and enlarged light-emitting power. Electrical analysis has concluded that the F-N tunneling based carrier transport through the Si nanopillar array is more pronounced than the smooth Si wafer. Such Si nanopillars function like fieldemission tips to facilitate the carrier tunneling into nc-Si within the SiO x film. In comparison with the device made on pure oxide, the turn-on field of the F-N tunneling effect for the MOSLED with a PECVD-grown SiO x film on the Si nanopillar substrate is greatly decreased by almost one order of magnitude. By growing Si-rich SiO 2 on Si nanopillars, the effect barrier height at the ITO/ SiO x interface can be reduced by a factor of 3.
In conclusion, the nc-Si based MOSLED on Si nanopillar array is demonstrated. Rapid self-aggregation of Ni nanodots on Si substrate covered with a thin SiO 2 buffered layer is employed as the etching mask for obtaining Si nanopillar array. Dense Ni nanodots with size and density of 30 nm and 2.8ϫ 10 10 cm −2 , respectively, can be formatted after rapid thermal annealing at 850°C for 22 s. EL spectrum of Si nanocrystals grown on high-aspect-ratio Si nanopillars is greatly enhanced. The optical intensity, turn-on current, and power-current slope of the MOSLED are 140 W/cm 
